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The recent trend in squirrel cage induction motor 
manufacturing is to replace fabricated copper rotors with 
aluminum die-cast rotors to reduce manufacturing cost to stay 
competitive in the global market.  Porosity in aluminum die-cast 
squirrel cage rotors is inevitably introduced during the die cast 
process.  Porosity can cause degradation in motor performance and 
can lead to a forced outage causing irreversible damage in extreme 
cases.  Many off-line and on-line quality assurance test methods 
have been developed and applied for assessment of rotor quality.  
However, years of experience with the existing test methods 
revealed that they are not suitable for quality testing or capable of 
providing a quantitative assessment of rotor condition with 
sufficient sensitivity.  In this paper, a new off-line test method 
capable of providing sensitive assessment of rotor porosity is 
proposed.  It is shown that rotors with minor and distributed 
porosity that are difficult to detect with other tests can be screened 
out during manufacturing.  The method is verified through a 3 
dimensional finite element analysis and experimental testing on 
closed and semi-open slot aluminum die cast rotors of 5.5 kW 
induction motors with porosity.   
Keywords - Aluminum Die-cast Rotor, Fault Detection, 
Induction Machines, Porosity, Quality Assurance, Squirrel Cage 
Rotor 
I.  INTRODUCTION 
The rotor is an important component of squirrel cage 
induction machines that determines the motor torque 
production characteristics and operating efficiency [1].  Many 
motor manufacturers are replacing fabricated copper rotors 
with aluminum (Al) die-cast rotors, as they allow flexible rotor 
bar shape for design optimization and up to 20% reduction in 
motor cost compared to that of fabricated copper rotors.  
Leading motor manufacturers are employing Al die cast rotors 
for motors rated up to 800-900 kW for cost-competitiveness in 
the global market.  There are a number of defects that can be 
introduced in Al die cast rotors during manufacturing such as 
porosity or rotor eccentricity, which degrade motor 
performance and reliability [1]-[4].   
Porosity in Al die cast rotors, shown in Fig. 1(a), is 
inevitable during manufacturing as Al shrinks by 6% in volume 
when molten aluminum is cooled, and there also can be 
insufficient injection of Al or leakage of Al during the die cast 
process [1]-[3].  The increase in rotor resistance and/or rotor 
cage asymmetry due to porosity results in degradation in motor 
efficiency, torque pulsation, and unbalanced magnetic pull that 
causes increased vibration [1]-[6].  It also can cause important 
motor characteristics such as the starting performance or torque 
characteristics to deviate significantly from what is provided 
from the manufacturer.  Although degradation in motor 
performance and reliability can be tolerated for low voltage, 
low output motors, it is a major concern for motors with high 
output power ratings.   
Quality assurance testing of porosity can be performed by 
measuring the weight of the rotor before and after die-casting 
to screen out the light units that are likely to have high porosity 
levels (or low Al fill factor (FF)), as shown in Fig. 1(b)-(c).  
However, it is not suitable for quality assurance testing because 
of the high cost, and it is only used for qualification of the die 
cast process and rotor design for a rotor sample.  It is also 
possible to observe the porosity level and distribution with X-
ray scanning; however, it is only suitable for testing of a 
selected representative sample to qualify die cast process and 
design due to the excessively high cost [6].  Balancing of the 
rotor is performed on all rotor units after manufacturing to 
prevent vibration produced by an unbalanced rotor.  Although 
the purpose of balancing is not porosity detection, concentrated 
balancing weights can provide an indirect indication of 
concentrated porosity.   
Many off-line and on-line tests have become commercially 
available for evaluating rotor cage asymmetry to improve 
motor performance and reliability [7]-[10].  Most of the 
research and development effort have been focused on 
detecting faults in the field when the motor is in-service.  The 
test methods have advantages and disadvantages in terms of 
sensitivity, reliability, ease of testing, etc, for the dfferent types 
of rotor defects.  In general, on-line testing based on motor 
current signature analysis (MCSA) or assembled off-line test 
 
   
 (a) (b) (c)  
Fig. 1 Example of (a) porosity in the end ring of an Al die cast rotor; and 
measurement of rotor weight (b) before and (c) after die-casting to 
estimate the porosity level 
methods such as the single-phase rotation test or rotor 
influence check lack sensitivity since they rely on observing the 
asymmetry in the rotor indirectly from the stator [9]-[12].  
They are not suitable for detecting minor porosity or distributed 
porosity that do not produce asymmetry.  In addition, the 
requirement of insertion of the rotor into the stator and/or 
loading of the motor makes it difficult to apply them at motor 
manufacturing or repair facilities.  Disassembled off-line rotor 
test methods such as the growler or rated rotor flux tests can 
provide sensitive detection of localized rotor faults since the 
rotor cage condition is observed directly from the rotor surface.  
However, they are pass/fail tests incapable of providing a 
quantitative measure of minor or distributed porosity that are 
below the threshold level of the detector.  In addition, safety 
risks during testing due to electric shock or arcing are present 
due to the high voltage levels applied [10]-[16].   
New off-line test methods intended for detecting anomalies 
in the rotor cage that overcome the problems of conventional 
test methods summarized above have been recently proposed in 
[13]-[16].  However, some limitations include requirement of 
complicated hardware and insensitivity to closed slot rotors.  In 
this paper, a new off-line test method for detecting rotor cage 
porosity based on electromagnetic flux injection is proposed.  
The effectiveness of the proposed method is verified through 3 
dimensional (3D) finite element analysis (FEA) and 
preliminary experimental testing on rotors of 5.5 kW motor 
under controlled porosity conditions that are difficult to detect 
with conventional test methods.   
II. POROSITY IN AL DIE-CAST SQUIRRE CAGE ROTORS 
The fill factor (FF) of a die cast rotor is defined as the ratio 
between the volume of the actual conductor material and the 
intended volume of the rotor cage in percent.  The FF of Al 
die-cast rotors depends on the rotor size, die casting method, 
and the conditions on temperature, pressure, and speed (in case 
of centrifugal casting) applied, and is typically between 85% to 
99% [5].  The normal distribution of an Al die cast cage rotor 
FF of a 440 V, 15 kW induction motor was estimated by 
measuring the weight of 64 rotor samples, as shown in Fig. 2 
[6].  The average FF was 97.1% and standard deviation was 
calculated as 0.76.  Although the FF of only 64 samples were 
measured, the variance in the individual samples was evident.   
The distribution of porosity within the rotor cage of a 440 
V, 1.5 kW induction motor was also observed with an x-ray 
scan [6].  The bars and end rings were scanned in the axial 
direction after removing the end rings from the rotor.  The scan 
results of the bars at a single axial position in the center of the 
slot is shown in Fig. 3(a), where the black part in the center of 
the bars represent porosity.  It can be seen in Fig. 3(a) that 
porosity is concentrated in the center part of the bars, and 
cannot be observed near the bar surface.  The scan results of 
the end ring near the axial center of the end ring, and at an axial 
position close to the rotor core are shown in Fig. 3(b)-(c), 
respectively.  The scans show that porosity in the end ring is 
concentrated on the inside near the rotor core where the rotor 
bars are located, and in the center of the ring in the radial 
direction.  Porosity in the interface between the bar and end 
ring could have a significant impact on the equivalent rotor 
resistance, and influence the motor torque characteristics.  As 
in the case of the bars, porosity could not be observed in the 
surface of the end ring.  Porosity in the end ring can be seen in 
the 3D reconstruction of the end ring x-ray scan in Fig. 4.  The 
x-ray scan results show that porosity not observable from the 
rotor surface, is present in throughout the rotor cage, and can 
have a significant impact on motor performance and reliability.   
 
 
Fig. 2 Normal distribution of fill factor (FF) estimated based on weight 
measurement of 64 Al die cast rotor samples of 440 V, 15 kW motor 
 
 
(a) 
 
 (b) (c)  
Fig. 3 X-ray scan of (a) rotor bars in the center of the slot (in the axial 
direction), (b) axial center of end ring, and (c) end ring near the 
rotor core for a 440 V, 1.5 kW Al die cast induction motor 
 
 
Fig. 4 Porosity in end ring: 3D reconstruction of the end ring 2D x-ray scan 
III. CONCEPT OF PROPOSED QUALITY ASSURANCE TEST 
The proposed quality assurance test for screening out 
defective rotors with minor and distributed porosity in the rotor 
cage is an off-line test performed on the rotor before insertion 
into the stator.  The test method utilizes a growler tester (with 
modified design), where flux is directly injected into the rotor 
surface to excite the rotor bars.  The test is performed in a way 
similar to the methods proposed in [13]-[16], where the 
electromagnetic probe excites the rotor bars locally while the 
rotor is turned manually or automatically at low speed, as 
shown in Fig. 5.  The balancing machine can serve as the 
platform for rotating the rotor with the electromagnetic flux 
injection probe fixed for maintaining constant airgap between 
the probe and rotor.  The proposed test can be used for 
screening out defective rotors during rotor balancing since it is 
performed on all rotors at the end of the manufacturing stage.  
The flux injection probe consists of a U-shaped ferromagnetic 
core with multiple-turn excitation windings for producing the 
MMF required for flux injection.  It is used for both 1) exciting 
the bars and end rings with ac voltage applied and 2) extracting 
the information on rotor porosity by processing the coil voltage 
and current measurements.  This simplifies the hardware 
requirements when compared to the methods presented in [13]-
[16], since a flux sensor or a permanent magnet is not required.  
It is also capable of extracting information with higher 
sensitivity than existing methods regarding the rotor condition 
since the resistive and reactive components can be separated, as 
described in this section.   
The electrical equivalent circuit of the flux injection probe 
and the rotor under testing can be derived as shown in Fig. 6.  
The resistance and leakage reactance of the flux injection probe 
coil are represented as Rp and Xlp, the magnetizing reactance of 
the flux probe coil is Xm, and the core loss in the system is 
taken into account with Rc.  The equivalent leakage reactance 
and resistance of the rotor cage under excitation with the flux 
injection probe are represented as Xlr and Rr, respectively.  The 
equivalent impedance, Zeq, can be calculated from the applied 
voltage, Vp, and current, Ip, phasors as  
 Zeq = Vp / Ip – Rp = Req + jXeq, (1) 
where Req and Xeq are the equivalent resistance and reactance, 
respectively.  Since it is the change in equivalent impedance 
with rotor rotation that is being monitored, the equivalent 
resistance of the flux injection probe, Rp, is subtracted to 
improve the sensitivity of porosity detection.   
When the bar with porosity passes the flux injection probe 
as the rotor is rotated, the equivalent Rr increases since porosity 
causes increase in the rotor cage equivalent resistance.  This 
causes local increase in Req when plotted as a function of rotor 
position allowing local porosity in the rotor to be detected.  
Porosity will also cause variation in other equivalent circuit 
parameters as well, and therefore, both Req and Xeq can vary 
depending on the rotor design.  However, it was observed that 
porosity mainly causes a local increase in Req, and therefore, 
observing the variation in Xeq is meaningless.   
The proposed test method provides higher sensitivity in 
detecting porosity since the Req and Xeq components can be 
separated.  Irregularities in the rotor surface or rotor 
eccentricity that cause variation in the airgap between the probe 
and rotor have a significant impact on the equivalent reactance, 
Xeq, especially for closed slot rotors.  If the total flux amplitude 
is measured as in [13]-[16], porosity and rotor surface 
irregularities cannot be distinguished.  Another advantage of 
the proposed test method is that it can detect local porosity 
concentrated in the individual slots.  It was reported in a 
number of resources that N rotor faults distributed 180/N 
electrical degrees apart do not produced asymmetry, and are 
not observable with on-line MCSA, off-line single-phase 
rotation, or rotor influence check tests [8].  Porosity is very 
likely to produce this type of defect, and can be detected with 
the proposed method since the individual bars are scanned.  
Small porosities are likely to be distributed evenly in Al die 
cast rotors, and also does not produce asymmetry.  This type of 
defect that decreases the FF can also be detected by monitoring 
the average of Req.  The average value of Req measured with the 
proposed method is expected to be higher for rotors with higher 
porosity levels (or lower FF).  Therefore, comparing the Req 
average values between the rotors of identical design can 
provide information on rotors with high porosity levels.  The 
rotor units that have a high average value of Req can be 
screened out based on the overall distribution of the Req 
 
 
Fig. 5 Test setup of proposed rotor cage quality assurance test  
 
 
Fig. 6 Electrical equivalent circuit of proposed flux injection probe and the 
part of the rotor under excitation 
average values of the Al die-cast rotor samples.   
The excitation voltage and frequency can be optimized to 
provide high sensitivity in detecting the fault of interest for the 
type of rotor slot design.  It can be predicted that the frequency 
range below the rated frequency can provide sensitive detection 
of rotor faults since penetration of flux into the rotor yoke is 
advantageous.  In addition, lower excitation frequency provides 
lower sensitivity to airgap variations due to surface 
irregularities.  With high excitation frequency, flux penetration 
is limited due to rotor cage eddy current rejection.  If the flux is 
concentrated on the rotor surface, the equivalent impedance is 
not influenced by the rotor and mainly becomes a function of 
the airgap (Xm).  For rotors with closed rotor slot design, it may 
be difficult to observe increase in Req due to porosity since the 
flux takes minimum magnetic reluctance path through the rotor 
slot bridge.  However, if the voltage level is increased, the slot 
bridge can be saturated to push the flux beyond the slot bridge 
to improve the sensitivity of porosity detection.   
IV. 3D FINITE ELEMENT ANALYSIS 
A 3D time-harmonic FEA was performed on the model of a 
380 V, 5.5 kW, closed slot aluminum die cast rotor with 28 
rotor slots, shown in Figs. 5 and 7, to verify the proposed test 
concept for rotors with porosity.  This rotor is identical to rotor 
B1 used in V for experimental verification.  3D FEA was used 
for simulating the flux injection probe under controlled fault 
conditions and for determining the excitation conditions 
suitable for sensitive detection of porosity faults.  A 300 turn 
probe identical to the prototype used for experimental 
verification in V was used for flux injection in the FEA 
(Rp=0.2716 Ω at 50 Hz).  The minimum airgap between the 
probe and rotor was set at 1.5 mm to allow for sufficient 
margin for preventing contact, since surface irregularities due 
to burrs or leaked aluminum are common.   
3D FEA was performed to extract the equivalent circuit 
parameters, Req and Xeq, for all rotor slots with defects 
introduced in two slots 90 degrees apart.  The FF of the rotor 
cage was assumed to be 100% in the FE study.  Porosity at the 
axial end of the bar was emulated by introducing a 30 mm 
thick porosity (air) covering half of the bar cross sectional area 
at the outer portion, as shown in Fig. 7(a).  A fully broken bar 
was also emulated by adding a 5 mm thick air insulator at the 
axial end of the bar covering the entire bar area, as shown in 
Fig. 7(b).  The two slots with rotor defects were separated by 7 
slots to avoid interference between defects.  The rotor was 
rotated in discrete steps with the probe location fixed.  After 
performing the FE under different excitation conditions, the 
voltage and frequency for detecting porosity was set at 66 V, 
50 Hz.   
The results of the 3D FEA magnetic flux distribution are 
shown in Fig. 8 with the probe placed in the center of the slot 
with porosity (Fig. 7(a)).  Req was calculated from the 
measurements of the applied coil voltage and current from (1), 
and was normalized with respect to average value to observe 
the “percent” change.  The normalized Req as a function of 
rotor slot number for the 28 slots are shown in Fig. 9.  The 
increase in the value of Req can be observed when the injected 
flux is enclosing the two defective bars, and the increase in Req 
is proportional to the severity of the defect, as predicted.  The 
percentage increase of values of Req for the bar with porosity 
and breakage were 5.1 % and 13.5%  respectively.  The local 
variation in the Xeq measurements did not convey meaningful 
information on rotor defects. The simulation results verify that 
local increase in Req can provide detection of local porosity 
defects in the rotor cage.  
 
 
 (a) (b)  
Fig. 7 3D FE model of (a) rotor bar with porosity and (b) broken bar  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 8 3D FEA results: magnetic flux distribution under 66 V, 50 Hz 
excitation with  (a) healthy, (b) porosity, and (c) broken bars placed 
in the center of flux injection probe width 
V. EXPERIMENTAL STUDY 
A. Experimental Setup  
To verify the effectiveness of the proposed method, testing 
was performed on two types of 380 V, 5.5 kW induction motor 
rotors with a prototype electromagnetic flux injection probe.  
The probe was designed and fabricated in the lab with 300 
turns of stranded coil wound on a U-shaped ferromagnetic core, 
as shown in Fig. 10(a).  To make the magnetic flux distribution 
uniform between the probe and rotor, sheets of motor core 
laminations were cut and attached on the probe surface.  The 
test bed shown in Fig. 10(b) was used to rotate the rotor with 
respect to the center of the shaft while maintaining an airgap of 
1.5 mm with the probe fixed on the bottom.   
Testing was performed on a 44 bar semi-open slot rotor 
(rotor A) and a 28 bar closed slot rotor (rotor B), shown in Figs. 
11(a)-(b), respectively, to verify that the proposed quality 
assurance test works for both types of rotor designs.  A number 
of porosity defects of varying types and severity levels were 
intentionally inserted in the rotors A and B for testing.  The 
capability of the proposed method was tested on 4 rotors with 
the following defects: 
• Rotor A1:  2 adjacent bars broken by drilling holes from the 
outer surface at the rotor bar and end-ring joint.  65% of the 
bar depth of 1 bar removed from the outer surface by 
drilling a hole.  The two defective bars are 8 rotor slots 
apart.   
• Rotor A2: 0, 1, and 2 bars broken 90 degrees apart to 
cancel rotor electrical asymmetry.  The bars are broken by 
drilling holes 90% of the bar depth from the outer surface.   
• Rotor A3:  New rotor confirmed with large inherent 
asymmetry in Req. due to porosity.  0, 11 and 22, 3 mm 
diameter holes evenly drilled 70% of slot depth on one side 
of the end ring at bar-end ring interface (Figs. 11(a), 12(a)).  
This emulates uniformly distributed porosity at locations 
observed in the Fig. 3(c) x-ray scan.  This corresponds to 
0%, 0.4%, and 0.8% decrease in FF.  The other side of the 
end ring cut off from the rotor after testing (Fig. 12(b)).  
• Rotor B1: 1 bar broken by drilling holes from the outer 
surface (Fig 11(b)). 
B. Experimental Results  
The measurements of normalized Req obtained from the 
semi-open and closed slot rotors with emulated porosity and 
broken bars (rotors A1 and B1) are shown in Figs. 13(a)-(b), 
 
 
(a) 
 
(b) 
Fig. 10 Experimental test setup for proposed rotor test method; (a) prototype 
electromagnetic flux injection probe; (b) test bed for rotor rotation 
 
 
(a) 
 
(b) 
Fig. 11 (a)  44 bar semi-open slot (rotor A3) and (b) 28 bar closed slot 
aluminum die cast (rotor B1) rotors used for porosity testing 
 
Fig. 9 3D FEA results of Req as a function of rotor position for broken bar 
and porosity located at 77 and 167 degrees (66 V, 50 Hz excitation) 
 
respectively.  The coil was excited at 66 V and 20 V (50 Hz) 
for the closed and open slot rotors, respectively.  A higher 
voltage level was required for the closed slot rotor, because it is 
desirable to saturate the slot bridge for penetration of flux 
beyond the slot bridge for improving the porosity detection 
sensitivity.  It can be seen in Figs. 13(a)-(b) that a clear 
increase in Req proportional to the severity of the damage can 
be observed when the probe passes the damaged bars.  It can 
also be seen that Req of the bars is non-uniform when passing 
the bars without intentional damage, due to non-uniform 
porosity unlike the ideal case with 100% FF in Fig. 9.  
A comparative evaluation of the proposed test with MCSA 
and the single-phase rotation test was performed for rotor A2, 
which represents a case where a combination of 2 defects 
cancels out the asymmetry.  The MCSA, single phase rotation 
test, and proposed test were performed on rotor A2 1) before 
fault insertion, 2) after damaging 1 bar, and 3) after damaging 
another bar 90 electrical degrees apart from the first bar.  The 
results of the 3 tests are shown in Figs. 14(a)-(c).  The 
amplitude of the rotor fault frequency component for a healthy 
rotor (-56.8 dB) increased to -48.8 dB after breaking 1 bar, as 
shown in Fig. 14(a).  However, it decreased to -54.6 dB after 
the 2nd bar was broken because the asymmetry cancels for the 
two defects located 90 electrical degrees apart.  It is likely that 
the rotor would be misdiagnosed as “healthy” causing a false 
negative alarm with a -54.6 dB indication.  The defects could 
not be clearly observed with the off-line single-phase rotation 
 
     
 (a) (b)  
Fig. 12 (a) Location of end ring holes for emulating unformly distributed 
porosity (rotor A3), and (b) end ring porosity due to manufacturing 
defect observed for rotor A3 (rotor A3) 
 
 
(a) 
 
(b) 
Fig. 13 Normalized equivalent resistance, Req, measurements of (a) semi-
open slot (rotor A3) and (b) closed slot (rotor B1) rotor 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 14 Comparative test results for the case where 2 broken bars 90 
electrical degrees apart cancel out asymmetry (rotor A2): (a) 
MCSA; (b) single phase rotation test; normalized (c) Req 
measurements of proposed test  
test, as shown in Fig. 14(b) due to the low sensitivity.  The two 
local defects inserted are clearly observable from the 2 peaks in 
Req obtained with the proposed test, as shown in Fig. 14(c), 
since the individual slots are scanned from the surface.  The 
non-uniform Req pattern of the healthy rotor in Fig, 14(c) shows 
that there is inherent asymmetry in the rotor due to porosity.  It 
can also be seen that the test results are repeatable for the slots 
where defects were not introduced.  The results for rotor A2 are 
meaningful since the 2 defects can be detected for a case where 
existing test methods fail.  
For rotor A3, the inherent asymmetry in the normalized Req 
measurements was very large compared to that of other rotors.  
This rotor sample was used to evaluate if the increase in the 
overall porosity level (or decrease in the FF) could be detected 
from the average of Req obtained from the proposed test.  For 
this case, the actual values of Req (and not the normalized 
values) are shown in Fig. 15.  The average values of Req 
obtained from the cases with 11and 22 evenly distributed end 
ring holes were 0.995 Ω, and 1.021Ω, respectively, which 
correspond to a 7.23 % and 10.6 % increase from the case 
without end ring holes (Req=0.923Ω).  This is a significant 
increase considering that only 0.4% and 0.8% of the Al 
material was removed.  The results show that the overall 
porosity level (or rotor FF) can be monitored for screening out 
defective units in addition to detecting local porosity defects, as 
in the cases of rotors A1, A2, and B1.  A large porosity in the 
end ring that spans 2 rotor slots was observed on the other side 
of the end ring of this rotor, as shown in Fig 13(a).  It is very 
likely that this produced the large inherent asymmetry.  
VI. CONCLUSION 
An off-line quality assurance test method for screening out 
in aluminum die cast rotor units with porosity was proposed in 
this paper.  The proposed flux injection probe can be used to 
excite the individual rotor bars to obtain information on 
porosity during post-manufacturing balancing of rotors. 3D 
FEA and experimental test results showed that the new test 
method can be used for obtaining a quantitative measure of 
individual rotor bar condition for screening out rotors with high 
porosity level.  This allows sensitive detection of rotors with 
porosity whether they are concentrated or distributed for both 
closed and open slot rotors.  It was shown that distributed 
porosity not observable with existing test methods can be 
detected.  Although the focus of the paper was on porosity, 
detection of non-uniformity in the rotor due to eccentricity or 
ovality is being investigated to extend the capabilities of the 
proposed quality assurance test.  
The proposed test method can be also used for detecting 
defects in fabricated copper rotors due to brazing imperfection, 
cracks, broken bars, etc.  In addition to quality assurance, it can 
be used for verification of repair, or periodic testing at 
manufacturing and repair facilities.  It is expected to help 
prevent low performance motor operation, accelerated 
degradation, or costly forced outages due to rotor defects.   
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Fig. 15 Equivalent resistance, Req, measurements for rotor A3 with 0, 11, 22 
end ring holes distributed evenly on one side of the end ring (rotor 
A3) 
 
